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Analysis of Undulator Field Errors for XUV FEL- *

C. James Elliotr and Brian MeVey
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Introduction

Fora XUV FEL (extreme untraviolet frec electton faser ! the magnetic field error
analv<is must specify how to keep the small signad gain to within 100 of the error free
value. This contrasts with conventional undulator magnetic hieid error analyvsis that de-
pends on qualatative criteria described by the ST1 group!. o1 on properties of spontaneous
crission studied by Kincaid?, The spontancous emission is related 1o the gain of a FEL
by Madeyv's theorem™ when the gain is small. but it does not include a deseription of the
requirements for radiating into the fundamental optical mode. nor does it apply to the
large small-signal gain case.

In describing the field error requirements for a permenant magnet Halbach undulator?
designed for operation at 12nm in the XUV, our starting point design has large small signal
gain =5, significant energy spread =0.19, moderate normalized emittance =24z mm-mrad,
and a Jong undulator =12m. Our deseription also must include the 3-1) wander of the
clectron beam in and out of the optical mode, Adequate modeling of all these effects is
achieved by incorporation of a field error package into the FELEX code®

The differential equations used in FELEX have been averaged over an undulator
wavelength, and this averaging retoves steering errors from the equations, The steering
errars give rise to an angular error Af,,

Ao, /m,,d:.
meqy

where 60, is the magnetic field error along a length dz for a particle ol charge ¢, mass
m. and Lorentz facto =~ ‘Taking 61, to be sinusoidal and extending over the half period
0,A, 2 gives rise to the Kincaid error model. For k., 2r A, it gives and angular error
corresponding to the error field 81, (mek, ba,. €)sin(k,.2) of

j A0, 26a,, 2ia,, .
D] B}

where a,. is the scaled vector potential and ¢ is the fractional error in the amplitude of a,,
over the half per od. This spedific model of field errors does not include correiations of ¢
from one half period to the nest. For carefully engineered undulators, these correlations
can be important and when taken ito acconnt can lead to an effective value of o, the
vieriance of ¢, that 1vseveral thnes lower, This uncorrelated random error model, however,
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is the starting point for rcalistic field error analvsis hecause of it simplicity and fron the
insignts 1t bring-.

In thi- work. the term one plane focusing i- an idealization that refers o plare
paraiicl unduiiror weoth eaomagne e beld that depeneds caey oncaxial location ared hovzoer
position. The erutial motion of the electrons i~ in the vertical plane and i not suhjec:
to the foccine forces that aflect the honzontad motion, Hewoo, the aaalveds of sy plee
e e oo betar o forces Tncontras ' the crgtial erectron mohion inan undelotor watd
two piate betatron focnsimg s subnect 1o betatron forces. The study of fie' 1 error- in
not-pertoct one piane focusing devices also inchuies errers that lead 1o maotion in the
vertucal pnanc, Because this motion inechides Jocgsing force-its analyeis also falls under
the catagony of hetatron locusing. Furthermore, there - an additional difference in the
phase equation between the canted pole approach’ and the parabolic pole piece approach
used in the FELEN calculations, even though both of these have two plane focusing.

The remiainder of this paper is divided o three sections: no betatron focusing.
betatron focusing. and conclucions. The no bhetatran {ocusing results study spontancous
emission from the sum-of-phasor representation and shows how the amplitude of spon-
tancous emission for a cold resonant beam depends on the single parameter called the
longitudinal coherence phase, @; . Based upon these results, a scaling diagram is con-
structed showing where wander and longitudinal coherence are important. The betatron
focnsing resulte have three subsections. The first deals with the random walk problem in-
cluding betatron focusing, The second addresses the benefit that can accrue from use of a
~olenoidal guide field. The last ~ubrection gives the results of numerical simulations. These
numerical resnlt s contain examples of wander in phase space. give the gain for random
undulators, show the improvement for acolenoidal field. show the advantage derivable from
adding «teering corrcctor segiments, and give the variation of gain with @, and number of

cortecting elen vnts for the 12mm XUV FEL design,

No Betatron Foeusing

First we present a simplihed approach to calculation of the degradation of spontancous
emission in a wiggler without hetatron focusing.  This inethod breaks the continnous
integral over the wiggler ina sum over half periods. We add up the phasors directly envher
than rely on the Rice-Mandel” approvimation. This work shems that o single parameter,
the longitudinal coherence phase that we designate by @, . deseribes the degradation of
intensity as averaged over single particle realizations of the trajectories,

We start with an expression for the optical field at frequeney o, radiated by a single
partic e’

)
I / v (v .i')v.\'p e foworlt) e di.
We take o in the 2 direetion and examine £,
1
1, / did,exp 1ot () e,

atd we approvimate 1 I the resonant term
i, . o,
1, sink, - _" exp ok, ~(1) .
. -".



At large = the transiy time over halt o perrod = unnitorme: furthermore. the variation of the
combined phase termes is ciiali over hail o poniod and 1o pood approsimation we have the
sunm-of-phasor representation

Wit

atd where the held errors canse random variation- w9 Here 2, L i the centered
antal jocation of the vl hadl peniod celll and & < the wavenamber corresponding to &,
k -0 Writing

and choosing the resonant condition

or the more farilar fornm

A N a2y 24E,

W one lllll('

o / ek, b,

wheore we have taken 1. 22 10 With no field errors, 0, 0, and all the 2N, phasor~ add
coherently.

To evaluate the eflect of held errors, we examine the axial velocity that has been
averaged over a hall period,

Co () e
gt () gt

The da, a, term ic the amplitude phase term that is small for operation on the funda
mental. Later we wall justily this approximation. That leaves

where il we split the undulator up into 2V, segments and denote 1,0, as the value on the

2a, { ta,,

nth  epment we have



Combining, the whove and (¢e 0 b cnn wives us

\ O + ! '!
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¢ l\ o,
[~
Here w, b 2o omcancatai avariance of unity, and that auplies thatr ¢, v 1. Deliving

wonas ¢ Cthe donerudimal coherence phase, we have

\, k u; n"_,

’l‘hih CNPression can l"ll.\“ Ill‘ \\rillc-n h ”H ore e Ill'hl: form ||l||| ap -“('h cven ill lhl'
L\ '
presence ()' i N()ll'll(iillill 'D( ll.\illﬂ “l‘l". as We ”I(“( ale I:Ill'l

koo Loy
. 0 /I _\:d:-

l-lllill u-ing the reconance condition for the My, harmonic, we have

“ra* R
¢, Y oa N n,.
o ) H
1 - a; 2

The higher hatmonics that occur an spontaneonus emission accrue from the periodic vari-
ation i A and the anty reconant term we dropped. but the over all form for them is the
same as the fundamental [y, 1), except for the factor® of n,. We can now write the
expression for the n'th phase in termns of the iongitudinal coherence phase and the nnmber
of wiggler period- as

n )
¢, |1 N
oy, oy 2('v| ' — bm
“ 1

We can go back and estimate the contribution to ¢, of the amplitude term we dropped
carher, The dropped terna taken by itself would have produced a value of ¢an, we call o,

l A \ll . .
), « o \ LUITH
9 -y
- - "
) " (A \ ’ u,
1+ ou;, 2 el
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Fig. 2. A plot of the information in Fig. 1 in terms of the single parameter @,

zeio wican and unity variance We have averaged over 100 different random undulators to
approvitmate the definition of D

uA ¢
n < }; exp 10, 'I.\',"">.
e

Here we have tahen N, 100, 200, . 1000,

Now, we expeet [ to be a function of $; only. as Ny, « ac. We have replotted the
same data from Fig. 1in Fig. 2 as a function of ;.. making no distinction between the
different values of N, . The variation we see in Fig. 2 ic attributed to imperfect statisties
and finite NV, .

The major conclusion we reach within this model is that the degradation 1) s, to
good approximation. a function of ¢, only, The measure of the longitadinal coherence
degradation i~ thus @, . and it is this same quantity that measures the mean angle of the
2N, phasors that we add up to produce the spontaneous emission.

Thic model has, of course, a number of weahnesses in considering the colierence re-
quirements for a FEL. First, the method treats a mono energetic eleetron beam, Second,
far it 1o be relevam to the gain by Madey's theorem, the gain must be sall, and this is
not the cave for the NEN Third, the emittance of the electron beamn may he inportant,



Fourth. the light mu<t be emitted into the FEL mode. and this effect is not addressed.
Fifth. the focusing forces. on the trajoctories subject to them. need to be considered. Sixth.
the effect of correction elements has not been evaluated. Seventh. the variation with re-
shoct to freguenoy ol the spontareont emis<ion has not been considered. Al of these
requircments lead to the need for a comprehensive treatment using a computer code such
a~ TN

Botore going on to FELEXD we can mishe an nmportan: general observation. In the
coherent casc. the twa major considerations of getting a FEL to operate can be expressed
in terms of some eriterion for ¢, and another criterion for beam wander. This latter
condition insures the elertrons do not leave the optical mode. In the no betatron focusing
case, a special case of the betatron focusing results presented later. the mean displacement
of an electron from the axis is zero. and its standard deviation is

where

is the standard deviation of the angular kick per half wavelength of the undulator. This
result is in agreement with Ref. 2. Thus, we require

2102

I . Wi

where w., is the optical beam waist parameter, and
¢l.' - ¢nm.‘l"

Here @, depends on all the physies associated with the actual FEL, and may be different
from that Jetermined by the simple model given above.

One important feature of the no betatron results emerges from the scaling of these
two requirements with respect to ervor levels and the number of periods (or length) of an
undulator. For the longitudinal coherence, the expression for €. indicates the scaling goes
as

ox N, I

and for the heam wander the r?} expression gives
N

ox N,

These scalings are shown in Fig. 3 where we see that for a large number of periods in the
undulator, beam wander dominates in determining the errors and for a small number of
periods, longitudinal coherence dominates. The errors increase in going to the right on the
abscissa until a given point encounters either of the two curves. Thus, the region hetween
the origin and the two carves plotted is the safe region, and beyond either of the two curves
is the danger region. If the nuinber of periods in the undulator is too great, segmentation
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Fig. 3. The scaling of undulator periods versus magnetic field error level. The shaded
region is where errors reduce the gain excossively, For many period undulators, electron
beamn wander is the constraint that i« most critical, but for fow period undulators, longi-

tudinal coherence iv the most critical constraint.

of the undulator can be considered, where steering corrections arc applied to cach segment.
T'hen the number of periodsin cach segment is {he relevant parameter, and we move toward
the region where the I(mg'\ludinal coherence is the more important quantity. These general
features will also he seen by example o apply to two plane focusing.

PDetatron Focusing

{lere we examine {Wo analytical cases and reporton a number of pumerical sinulations.
The first analytical case is the random walk in the presence of betatron focusing. Nextwe
analyze the addition of a soletoidal magnetic ficld. Finally we examine simulations of a
number of cases all of which address the Los Alamos 12m 120nm AUV design’. The first
Case WE eXamine is without steering error corrections, and we show a case where addition
of a solenoidal field helps toa point of roduced beam wander. Finally we show the effect



of adding steering corrector =cgment-,

Random walk with botatron focusine
The random walk problem in r.or’ space with ocusing ca be castoas follows

t ) / tonfi ~inf o ) ( x
(_ ”, \ ‘.'..‘,'““ o {1 ! .rl )
[ A | s "
Here Az 2 Ay 2 sinfl k., determines the betatron anale, 6, 1raversed in a half period.
The random angular Kick 8, is introduced on the n'th step. With #,, 0. the pure betatron

motion is recovered. The betatren wavenumber k., depends on the details of the magnetic
field™. For this work. we assume the magnetic field has the transverse dependence

k<rt kzyz .
nyh”(l' .2-f - )”O(f"-ys).

and a sinusoidal longitudinal dependence. Then
f,
k,’".r : \l:’.r)rm.-k.ra

k.*y (H.r)rvnrky-

where
('i.r ) rmta2

Starting with

the solution of the difference equation is

1 A
T ~ [k sinjg@ )\ ;
Il
(:r') ) L( c:osjﬂ )0" b
n 7 0O
v (0% . we can form the variance

r? sy \ d k‘,'f sin? j0
() w3 (.

which we approximate as an integral

r ) P /* (k,,," sin"«p) dd
( at " . Ju cos? k.i.rA:-



Thus. upon integration. we coneluds

( J_'.'l'.') | PRI _||_'(i,-___'(l sin 2¢ 24’)];)_

r s v A i o

where ¢ k-, -,
Imahe i b 0 200 the bt topees dooniot frane Vi vo et and i

(;’-_l]:) ) ‘., ",_1;‘;;'12('_’.’_\\2”3})l

the same as the result withont hetation foeusing that we quoted from previously. Note
the qualatative difference with the @ - x case where

(Gve) - 07 (),

OV Evary as 2 Fand r#2 1Y k) 2'%0720 Also
in this case we see that the angular efliciency is 1\ 2 compared to the no-betatron focusing

case. The rlispln\('('nwm variance is just the lever arm Irl-”l times the angular variance. In

In the latter case. both 2 ! # and »

the @ - O casc. the lever arm is = '\'3 instead of k',:' in the @ - x case. The net result
of a long undulator with betatron focusing is to decrease the angular variance by a factor
of 1 \ 2 and the replace the lever arm = '3 by k‘-_r'.

We can interpret the @+ x result in a phase space plot shown in Fig. 4. Suppose
we introduce an angular error 7' in phase space at point P, moving the point to P’.
Without any more errors the point P’ would continue to rotate arouad the phase space
circle at constant radius. When it rotates 90 to point P, we see that the error no longer
is manifest as an angular error. but rather, is equivalent to a dispiacement error, This
cffect accounts for the diminished angular variance. Also, the lever arm of k'q’l. appears
in this example because ér(P?")  6s'(P'). kuz. On average, for many transits around the
circle, the square of the displacement is related to the square of the angular change by the
square of the lever arm,

Solenoid with balancod betatron focugring
The transverse equations of motion in the presence of an axial magnetic field 73, and
cyclotron frequency () e B -, are given by the differential equations

r" k.r . () )y,

itr

"

y ki (5 e)r'.

These equations have a constant of motion
0y " : "
o, ki,rt ki oytoor oy,

"y

whose derivative i zero. That is, the addition of the solenoidal field preserves the constancy
of the longitudinal derivative of the phase of a single particle and does not cause it to jitter

10



Fig. 4 The crror PP’ gets rotated by 900 and changes from an angular error to the

equivalent of a displacement error.

back and forih in phase space. Thus, the attractive property of betatron focusing in two
planes pointed out by Scharlemann® extends 1o the case where a solenoidal field has been
added to the undulator,

RBecause of the focusing properties of the solenoid, we are interested in examining what
happens to random crror propagation. This we can do very simply when balanced betatron

focusing occurs with kop  kuy ki Then the equations of inotion can be rewritten as

u' k:‘:u 1’ e,

where
u o roy.



Writing u(0)  u and w'(0)  u!. the general solution i
(e u. u'Yexpro.z - (1o u w'lexpia =
tita () '
where
(.
The general sohition can he written
(“:> -”(":)-
u u’
My My
(M ey
! M M
M le.expia = a expin.z) {a, o ).
My, (expion.z  expie z)ifa.  a ).
M., do.a (expia z expia.z)/(a, a ).

M

(0. expia.z a expia z2)'(a,  a ).

Note that
Mo exp Q12 e,

and the transitive property holds
M) M=) M(a - 22).
Following the previous development for random walk with betatron focusing we have
u n | . 0
M@GA:) | 4 :
(u')" L 173 )(_9n | ;)
SL

Now u has real part r and imaginary part y, and M has real part A, and imaginary part
M,. This translates the above equation into

1

(;') r:\_“I,\I.(JA*')(O?.. 01 J)‘

and

(7)o [ (00,



Similarily.

Furthermore.

~o hat
¢ L (l' .

' A:
A simple interpretation of this result shows that it holds even without baianced betatron
focusing. The quantity o, remains constant until it i~ altered by a field error. When the
uncorrelated field error occurs, - r' - 8, andA r' 6% on cach step. The number of
such steps is just z “Az, giving the above result. Because the longitudinal coherence phase,
®,.. is just k.2 times the z integral of ¢.. this result implies that it makes no difference
what the solenoidal ficld level is: the expected longitudinal coherence is the same.

We are also interested in how the variances of the angular and displacement errors
are distributed. Evaluating the integral shows

. 6D 2 . sinfay ~a.)z

Az (o. n.m)i - a, —a.

and for large =,
. . 2 2
) LA, o~
a5yt~ 0%

Az 4k% v (02 ¢)2

Here we see that the variance of the radius decreases as the solenoidal field increases. But
because of the constancy of .. we have

9.2 ip)?
r gt~ '\’.2’ = 2AI‘ ' (” ('), .
o Azdky . (e

We sce that although 02 v y* decreases with §1, (1'% + y'?) increases by a factor of two
as {1 increases from 0 to oc, keeping @, independent of .

If control of beam wander is a problem. a solenoidal field can correct the situation
without adversely aflecting longitudinal coherence. Later we show a particle simulation
that gives an example of this situation.

FELEX calculations

The cauations of motion used in FELEX have been deseribed elsewhere®, and we
augment these through two methods. The FELEX equations are obtained by averaging
the equations of motion of the particle over the magnetice field waveleagth. The field errors
are of two types: (1) those adinbatic errors that appear in these averaged equations which
vary slowly over a period and (2) those diabatic terms that do not appear in the averaged
equitions and require new terms,

13



The diabalic term is modeled® as we deseribed in the introduction. This mode] a~-
sumes an ¢rror exis1~ in the scaled vecror porential of the form

ba, & ( ‘_‘ b ) a,e{z)cos by, =,

mie
where o3 b a constam value ¢, fon
(200 )17 2y ko (2w 1)z

whose mean is zero and variance is a. This is a series of half period errors. each of which
res'ilis in an angular deflection or stecring of

- 2, qa
LAl /1 "
(/] .

R

and a negligable displacement. This angular deflection is added to the existing equation
in FELEX for the angular evolution

d.4, (d-,.'i,) day [ A
det det 1, A "'Va2az

where Az e is a variable integration step. Here
- 7 P A
iy all 2F)\ 3,

where 7 is a random number distributed unifurmly between 0 and 1 that gives ¢, a zero
mean and a variance of . The change 2a,.¢, accrues to 70, over the distance A, /2, where
we take Az A, /2. The last term v’,\.,. '2Az extends the algorithin to arbitrary step
size. keeping the standard deviation of 4, an invariant function of et

In constrast to the dinbatic steering error term, the adiabatic (erm desceribes the phase
errors, These are separately modeled without adding additional terms to the magnetic field
but by specifying a magnetie ficld By (2) where the 2 dependence deseribes the errors in the
field. At 0.7°0 random errors in Hy(2) with Az Ay, 2, less than 190 change occurred 10
the gain. Therefore, these errors were judged to be inconsequentinl. We reached a similar
conclusion in our no betatron focusing analysis that showed ‘@2 ix small. Henee forth, we
consider only the diabatic steering error terme,

Specific ealenlations for the Los Alamos 12m 120nm free-electron laser design” were
made using FELFX. The input parameters are shown in ‘Table 1.



Table 1

cheam: current ] 150A
Lorentz factor - 10146
energy spread AL L. 0.1%
normalized emittance 3¢~ 20-mm-mrad

undulator:  magne:ic field B 0.75
length L, 12m
wavelength Ay 1.6cm
focusing balanced
field error o 0.14.0.7%¢

optical: wavelength A 12nm
input vower P, 90\
Rayleigh range z, 3m

The random field error level. o, is initially taken to be the advanced state-of-the art value of
0.1°¢. but when steering correction segients are considered for an ensemble of undulators,
calculations are dene for easily obtainable!?® values of 0.7%. Random undulators are
generated using different random number seeds, The .7’ and y.y' emittance values ¢,
and ¢, are the areas in phase space that include 86% of the particles. and the energy spread
AE. FE is the full width between the ¢ ' points of a gaussian distribution that includes
R4 of the heam,

In Figs. 5 and 6 we show the accrued displacement and angular error of the e-beam
fer one random choice of field errors with o 0.1 . In Fig. 5 the width of the beam is
plotted versus the axial location within the undvlator. The dashed lines are (y} 4 \/(2y%,
where the average is over the particles. These lines show that the y-motion is unaltered by
the ficld errors considered. The measure, \/(Zy"‘,. gives the 1/e width initially when the
e-beam is gaussian, Likewise, the solid lines are (1) \/(21"1). Because the equations of
motion have been averagied over an undulator period, the rapid sinusoidal variation does
not appear, The angular variables 3, and 9, are averaged over the particles to produce

the curves shown in Fig. 6. Analogous to Fig. 5, the dashed lines are (i, ¢ \//(2H"f) and

the solid lines are 43,0 + - 2042). The initial phase space occupied by the electron beam is
measured by the product of the initial displacement width and angular spread. In kg r, 0!
phase space, the initial gaussian phase space distribution has a circular 1 ¢ contour with
a radius of 5 + 10 *, At the end of the undulator, the beam centroid has wandered 1.6
times its 1, ¢ width in angular space and 3 times its 1 e width in displacement space, but
its width has remained constant.

In Fig. 7 we compare {r)"/? to the value computed by FELEX. Because the noise in
this quantity that arises from a single random undulator is too great for direct comparison,
we average over sets of undulators, Here, we have tahen two sets of 10 undulators each
and have plotted their average standard deviation as broken lines in Fig. 7. The solid line
ix that expected by the ensemble averaged result obtained earlier,

1h
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Fig. 5. Plot of the wander of the x and ¥ edges (see text) of the electon heam versus the
longitudinal location,

A collection of twenty random undulators with @ 0.1% were used to generate the
gain plot shown in Fig. 8. ‘The caleulations were at the wavelength that maximized the
gain in the absence of undulator field errors. Here, the gain that occurs is plotted against
() maz. the maximum displacement of the centroid over the length of the undulator. Con-
siderable variation occurs from the value of 4.8, the gain without errors, to below 1.0 where
absorption occurs. Also plotted is the optical waist at the center of the undulator and at
the ends of the undulator. The plot shows that many of the undulators produced e-bheam
centroid wander that was well outside the peak of the optical mode, Hence the radiation
into the opiteal mode was re-dduced, leading to the lower gain as -r ., increased. On sev-
eral of these cases, the effect of the shift of the wavelength for optimal gain was examined.
The gain, maximized over wavelength, moved ali of the gain values higher, A numl er of
those with gains in the 2 to 4 range moved roughly 2.3 of the way toward the gain of 4.8,

The effect of a solenoidal magnetic field is shown in Fig. 9. The undulator chosen
for this study has the worst or ,,,  value of the set of 20 previously studied, 1t was this
caxe that was shown in Figs. 5 and 6. In Fig. 9, it is seen that the gain (maximized

16



BETA SPREAD OF ELECTRON BEAM
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Fig. 6. Plot of the wander in angle space of the edges of the electron beam

over wavelength) increases up to an axial field value of = 1 Tesla. Examination of r
plotted versus =z shows that at /4, VAT W iy = (Fpar 2.0 - 10 2 compared to
Winas 0L gy 17510 “at B, 0. At the value of B, 2T, although ‘y ., =
() omashas decreased to 9.8 + 10 4, BV mar = 3y was 168 - 10 5 and the increase
in the angular centroid is more detrimental to the gain than the improvement from the
displacement centroid. This result for a particular random undulator contrasts with the
results averaged over an ensemble of undulators reported in the section on a solenoid
with balanced focusing. On the basis of that work, we would have expected the ensemnhle
averaged gain to increase monotonically with H,. 1t would saturate at the point where
displacement errors become small compared to angular errors, i.e. where {) was several
kue. The down turn we see in Fig. 9, must then be attributed (o an interplay of the
solenoidal field and the particular manifestation of field errors for this case. For other
cases, then, we wounld expect the details of the down turn and the subsequent upturn to
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centroid and two averages over sets of 10 cases

be different,

Because solenoidal fields eannot completely correct the gain in these cases, we consider
the addition of corrector segments. This type of improvement has been employed in the
THUNDER undulatos! at ST1L The concept is shown in Fig. 10. The undulator is divided
into a number of equal segments. At the end of cach segment is a means of measuring
the e-beam position.  We also assume there is some way of measuring the angle that
the e-beam is making with the x axis, although this measurement is not required in the
simplest correction scheme, At the beginning of each segment is a correction coil that can
steer the electron bean by giving it a programmable transverse kick. A means of making
these measurements simultaneously is given in the paper in this conference by Warren and
Elliott !,

Two ways of using the measurements to determine the required transverse correction
impulse are shown in Fig. 11, This plot shows the kq,r. 1’ phase space. If no field errors
were present, the electron beam centroid would be at the origin, The field errors that are
present have moved the electron beam centroid to some random location we have labeled
as F. Ideally we would like to be able to move E to the origin, but this is not possible
because the transverse kick given at the beginning of the segment does not access all of
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Fig. 8. A plot of the gain of different randoiin undulators versus the maximum transverse
wander of the centroid

phase space. If we assume there are no field errors present in the system, we can easily
determine what part of phase space is acccessed from the origin by the correction kick.
The kick is initiated at the beginning of the segment, where it is manifest as a pure angular
change along the o' axis. This angular change follows the betatron motion as it moves
through the wiggler. This motion is the are of a circle that is shown in Fig. 11 as moving to
point C, having gone a particular fraction of a betatron period corresponding to the length
of the segment. This fraction is the same irrespective of the size of the initial correction
kick. and thus, the space accessed by the initial kick is a line drawn through the origin that
goes through point €, This line is called the corrector line. Now we reconsider the presence
of magnetic field errors. The effect of the errors and the correction kick add linearly. That
means that if the system is at point F, all points aceessible from point E by means of the
initial correction kick lie along the line parallel to the correction ine. The dashed line in
Fig. 11 shows the portion of phase space aceessible from K. The next question we wish
answer s To where on the dashed line do we want to correct the system. We show two
choices, The first choice is shown by the point E'. It is the point along the dashed line that
is nearest to the origin, Along the access line, it chooses the point that makes |22 k,’,,r"|
a minimum, The second correction scheme is shown in Fig. 11 ax point E”. This point ix
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CORRECTION N o -
COIL -
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Fig. 10. Schematic of the steering error corrector scheme. Correction coils are located at

the beginning of each of the b segments und position and angular detectors are located at
the end of cach segiment,

chosen as the intersection of the dashed line with the y axis, .o, it drives the r coordinate
to 0. Although the dictance from the origin is greater in this sevcond method, we will show
it to be a superior means of correcting the undulator. The second method is also <impler
bheenuse it requires only the measurement of the r coordinate gnd not the angle.
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Fig. 11. An illustration of two corrector schemes in phase space. The dashed line is the
part of phase space accessable from the error point E. The point £’ minimizes the distance
to the origin, and the point E” makes the r coordinate 0.

The superiority of the £ v 0 scheme is shown in Fig. 12, This illustration shows the
effect of application of corrector segments to the worst case of Fig. 7 corresponding to the
undulator used in Figs. 5 and 6. 'The gain is computed at the frequency that maximizes
the gain when no field errors are vresent. This gain is plotted against the number of
correcting segments, For the £« 0 scheme, 5 correcting segients are required to bring
the gain within 10" of that occurring without field errors. On the other hand, greater
than twice that number are required for the minimum distance in phase space method. It
is concluded that both of these schemes permit complete correction of the undulator, and
the r + 0is the heiter scheme.

21
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Fig. 12, The gain of a random undulator as a function of the number of correcting
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Now we consider the combination of an easily obtainable error level of 0.7% withr + 0
corrector segments, In this study, we allow the random undulator to choose the wavelength
that optimizes the gain, We consider undulators with 32 corrector segments whose data
points are represented by solid cireles in Fig. 13, We also consider undulators with 8
segments, and those data points are shown as solid squares.  For 10 different random
undulators in each class, we compute the peak gain. We also compute a quantity, ¢ ,
analogous to ®le for a single electron. Here ¢,.- is computed using the centroid quantitivos
(r’ and (J3,).

ko 50w
o1, 2 | (1,7« kf,r %)da
The ensemble average of . is @, for the centroid motion. We have enough segments that
we are on the lower portion of the curve shown in Fig. 3. There is a strong correlation
between the gain and ¢ shown in Fig. 13, The ensemble average of this quantity varies
inversely with the number of segments and one segment has a value that is 1/3 that without
corrector segments, The expected value for 32 segments is shown for comparison at the
base of the graph. Here we see that with 32 corrector segements, @, 2rad, and all ten of
the random undulators are within 10 of the error-free gain, Clearly, B corrector segments
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are irsufficient to correct the undulator at this random crror level.
Finally, we would like to point out that there are a number of effects we have not
considered in these caleunlations. First, the errors considered are taken to be random and
extend for hall a undulator period. In an undulator, the angular errors are proportional
to [ Bydl. Thus, if there are two half-period segments that have errors in the opposite
direction, the resultant error will be less than random. In building an undulator, one is
cognizant of this property and deliberately cancels errors of these types. Consequently, the
field error level is not an adequate measure of the quality of an undulator. The correlation
of successive errors must be considered, and the effective random error can be considerably
less than that measured for the field. Our advanced state of the art case is therefore within
reason. Secondly, no measurement is completely precise. In the correction scheme where
we take r 0, there is always a residual error. We have tacitedly assumed that we have N
a measurement precision that makes little change from perfect precision. This will be ST
true if the measurement precision is good enough to make (koL /2)(2k3,/3 | 2/1;.-%
small compared to ¢, and a, small compared to w,,, the optical spot size, where o, is the
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displacemers error aned I s the length of the correction station.

Conclusions

Woor e cn e w anacr af e o magr ot foed errors for XUV FEIs
The mca~are of the jongitudinal coherence phase. ®; i« one important parameter. In
the o et il e e s Tt T e taroe s cniis-ion intensity for a cold
Bealh diops= 1o o o 0r e peae for @ G W showe, tuat for Jong undulators,

Deam Wander is the BLporian: cnterion, oy s seeenes Yeg ilediy ators with short segments
longitudinal coherence is the importans criterie: W <evnd thit q small improvement
can occur when wander dominates by the appicirir of & ~oncnoidal guiding magnetic
field. By far. the more eficetive way (o cantro, Se.a error- i« ny the segmentation of the
undulator. Without segmentation and with held error~ of o 0.1"7, the achievement of
90" of the error free gain is unlikely in the 120nm device, Either an improvement in o or
segmentation can reduce these requirernents. With field errors at e 0.7"7. we have shown
segmentation can reduce the field errors to acceptable levels, For this case. ;. =~ 2rad.
These conclusions are subject to the qualifications and the model specified in the body of
this paper. and these will be the subject of future investigations.
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